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Time to fatigue is increased in mouse muscle at 37◦C; the
role of iron and reactive oxygen species

Trent F. Reardon and David G. Allen

School of Medical Sciences, Discipline of Physiology (F13), Bosch Institute, The University of Sydney, NSW 2006, Australia

Studies exploring the rate of fatigue in isolated muscle at 37◦C have produced mixed results. In
the present study, muscle fibre bundles from the mouse foot were used to study the effect of
temperature on the rate of muscle fatigue. Provided iron was excluded from the solutions, time
to fatigue at 37◦C was increased compared to 22◦C (125 ± 8% of 22◦C fatigue time). In contrast,
when iron was present (∼1 μm), fatigue was accelerated (68 ± 10%). Iron can increase reactive
oxygen species (ROS), which are believed to accelerate fatigue. The addition of 25–100 μm

H2O2 at 22◦C reduced time to fatigue to 80–20% of the control, respectively. Iron was added
to cultured primary skeletal muscle cells to determine if iron could increase ROS production.
Neither iron entry nor ROS production were detected in non-contracting muscle cells. The
addition of 8-hydroxyquinoline, which facilitates iron entry, to iron–ascorbic acid solutions
caused a rapid rise in intracellular iron and ROS. Our results indicate that time to fatigue in
vitro is increased at 37◦C relative to 22◦C, but the addition of ROS can accelerate fatigue. An
increase in muscle iron can accelerate ROS production, which may be important during or
following exercise and in haemochromatosis, disuse atrophy and sarcopenia.
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It is generally recognised that temperature affects muscle
performance, but the mechanisms are complex and poorly
understood. Humans performing endurance exercise at
an elevated ambient temperature reach exhaustion earlier
than at cooler temperatures, but this appears to be
primarily a central phenomenon despite a large increase
in skeletal muscle temperature (Nybo, 2008). In contrast,
short-term anaerobic performance in humans such as
sprinting is enhanced by a small increase (Bergh & Ekblom,
1979; Davies & Young, 1983), and impaired by a small
decrease, in muscle temperature (Crowley et al. 1991).
In the above exercise regimes there are changes in both
core temperature and muscle temperature. Experiments
on small groups of muscles are easier to interpret as
they avoid the rise of core temperature. Isometric contra-
ctions of the forearm (Clarke et al. 1958; Holewijn &
Heus, 1992) or quadriceps muscles in humans (Edwards
et al. 1972) are sustained for the longest time period
before volitional fatigue within a muscle temperature
range of ∼25–30◦C. Fatigue is accelerated outside of this
range.

Volitional fatigue incorporates a central component and
this confounding factor can be by-passed by electrical
stimulation. de Ruiter et al. (1999, 2000) used intermittent
electrical stimulation of the ulnar nerve to stimulate the
adductor pollicis muscle in humans and demonstrated

that fatigue can be accelerated at 37◦C relative to muscle
cooled to between ∼22–30◦C. The accelerated fatigue at
37◦C in these studies was observed in the presence of a cuff,
used to occlude the blood vessels supplying the muscle.

Intermittent contractions without vessel occlusion
minimise the build-up of metabolites and ionic shifts that
are thought to contribute to accelerated fatigue (for review
see Allen et al. 2008). Blomstrand et al. (1985) used inter-
mittent electrical stimulation in a rat model with an intact
blood supply. No difference in time to fatigue was observed
between 28◦C and 36◦C, suggesting that with adequate
perfusion no difference in fatigue time occurs within the
physiological range.

Recent in vitro studies have been performed in
an attempt to identify the mechanisms of the
temperature-dependent modification of skeletal muscle
fatigue. Moopanar & Allen (2005) showed that skeletal
muscle fatigue in mouse single fibres was accelerated
at 37◦C relative to room temperature due to a loss in
Ca2+ sensitivity of the contractile proteins. The rapid
fatigue at 37◦C was prevented by the ROS scavenger Tiron,
leading the authors to conclude that an increase in ROS
at 37◦C reduced Ca2+ sensitivity and accelerated fatigue.
The accelerated fatigue at 37◦C was probably due to the
production of disulfide bonds, as dithiothreitol, a reducing
agent that converts disulfide bonds to free sulphide groups,
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reversed the loss in Ca2+ sensitivity and force (Moopanar
& Allen, 2006).

An increase in fatigue time in isolated muscle with
increasing temperature has also been observed. Roots et al.
(2009) isolated small bundles of rat muscle and produced
fatigue with either isometric or shortening contractions.
Under both isometric and shortening conditions, the
muscle fatigued more slowly as the temperature was
increased.

Given these conflicting findings, we reinvestigated the
effect of temperature on isolated muscle fatigue. Initial
findings appeared to demonstrate that the time to fatigue
at 37◦C was longer than at room temperature, a finding
which conflicts with previous work from our laboratory.
In the present experiments an aluminium heat exchanger
was used to warm the perfusate to 37◦C, whereas in the
previous study (Moopanar & Allen, 2005) a stainless steel
heat exchanger was used.

Iron can increase the production of ROS, such as the
highly reactive hydroxyl radical (OH•) (Bacic et al. 2008).
Iron can be detected in a solution after a single pass
through a stainless steel needle (Buettner, 1990). We hypo-
thesise that the iron from the stainless steel heat exchanger
passes into solution, generates ROS and accelerates fatigue
at 37◦C.

Methods

Ethical approval

All experiments were approved by the Animal Ethics
Committee of The University of Sydney.

Muscle bundle dissection

Male mice (Balb-C strain) were used in this study as in
previous work (Lännergren & Westerblad, 1987;
Moopanar & Allen, 2005, 2006). Mice aged 8–12 weeks
were killed by rapid cervical dislocation and the flexor
digitorum brevis (FDB) muscle was removed from the
hind foot. The FDB is a fast, mixed muscle containing
approximately 75% type IIX fibres; the remaining are a
mixture of type IIA and type I fibres (Allen et al. 1993).
Small bundles of two to five fibres were dissected from
the middle of the FDB. Aluminium foil crimps were used
to attach one tendon and the other to a force transducer
(Akers AE 801). Parallel platinum electrodes were used
for stimulation. The pulse width was 0.5 ms, set at 100 Hz
and lasted 400 ms. The stimulation was set at 1.5 times the
minimum voltage required to activate all fibres.

Muscle fatigue experiments

Muscles dissection took place at room temperature
(∼22◦C) in a non-bubbled, slightly alkaline (pH ∼8.0)

solution (see Lännergren & Westerblad, 1987). During
experiments, the following solution was used (mM): NaCl,
121; KCl, 5.0; CaCl2, 1.8; MgCl2, 0.5; NaH2PO4, 0.4;
NaHCO3, 24; glucose, 5.5; pH 7.4 when bubbled with
95% O2 and 5% CO2.

EGTA (100 μM) was used as a broad-spectrum chelator
of metal ions. Transition metals such as iron have the
potential to produce increased levels of ROS (Bacic et al.
2008) and ROS scavengers have been shown to prevent
rapid fatigue at 37◦C (Moopanar & Allen, 2005). EGTA
was therefore used to determine if chelating transition
metals could also prevent the rapid fatigue observed at
37◦C. Desferrioxamine (DFO) was used as a more specific
and higher affinity iron chelator.

Fatigue protocol

Muscle bundles were stimulated until the force attained
was less than 50% of the initial tetanus. This duration
is the ‘fatigue time’ (T 1/2). To fatigue the muscle, tetani
were produced every 4 s for the first 2 min then every 3.5,
3, 2.5 s and so on until fatigue (Westerblad et al. 1990).
In all experiments, a fatigue run was first performed at
room temperature (22 ± 3◦C). After the muscle bundle
was fatigued, it was allowed to recover for 40 min. Tetani
were elicited at 20 and 40 min to ensure the preparation
had recovered. Recovery was defined as≥ 85% of the initial
force (F i) of the fatigue run. The second fatigue run was
performed either at room temperature or at 37◦C. T 1/2 for
the second fatigue run is expressed as a percentage of the
first fatigue run at room temperature (T 1/2 normalised).

Heating the muscle bundle to 37◦C

Muscle bundles were heated to 37◦C using two different
heat exchangers which work on similar principles.
Both heat exchangers were heated by circulating water,
maintained at ∼43◦C. In the stainless steel heat exchanger,
the experimental solution passed through stainless steel
tubing, while in the aluminium heat exchanger, the
experimental solution passed through a channel of
anodised aluminium. A miniature thermocouple (Jenway
8500) was used to set and maintain the temperature of the
solution in the muscle bath.

Iron released from stainless steel heat exchanger

An ascorbate assay was used to determine the
concentration of iron in solutions. The oxidation of
ascorbate by transition metals causes a decrease in
absorbance at 265 nM over time (Buettner, 1988). Freshly
made ascorbic acid was added to the solution of interest
in a quartz cuvette at a final concentration of 125 μM. The
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percentage fall in absorbance after 15 min was used for
analysis.

For measurements of iron levels, the experimental
solution was continuously recirculated through the
apparatus under conditions identical to fatigue
experiments. A control solution was treated identically
except it by-passed the heat exchanger. The fall in
absorbance measured by the assay was converted to iron
concentration by constructing a standard curve for iron.

Muscle fatigue in the presence of H2O2

H2O2 was used in the current study at room temperature to
mimic the increase in ROS that may occur during fatigue
at elevated temperatures (Reid et al. 1992; Moopanar &
Allen, 2005; Edwards et al. 2007). Bundle preparations
were incubated in H2O2 immediately prior to the second
fatigue run at a concentration range of 25–100 μM, for 5 or
10 min. H2O2 was present for the duration of the fatigue
run.

Fatigue in the presence of iron

In experiments designed to mimic iron release from the
stainless steel heat exchanger, exogenous iron was added to
solutions passing through the aluminium heat exchanger.
In an oxygen-rich environment, iron is primarily observed
in the ferric (Fe3+) form (Halliwell & Gutteridge, 1998).
We therefore added iron as ferric citrate.

Isolation and culturing of skeletal muscle fibres

Mice aged 12–16 weeks were used for culture experiments.
Each experiment used a minimum of three mice. The
total number of cells studied is indicated by n. The
FDB from both feet were dissected in Hepes-buffered
physiological saline (HBPS) which contained (mM):
NaCl, 138; KCl, 2.7; CaCl2, 1.8; MgCl2, 1.06;
N-2-hydroxy-ethylpiperazine-N ′-2-ethanesulphonic acid
(Hepes), 12.4; glucose, 5.5; pH 7.3 using 1 M NaOH.
Following dissection, the FDB muscles were incubated in
HBPS supplemented with 10% fetal bovine serum (FBS)
and 0.2% collagenase type 1 at 37◦C for 90 min. After
incubation the muscles were transferred to a Dulbecco’s
modified essential medium containing 10% FBS and
1% penicillin–streptomycin. Fibres were separated by
trituration with Pasteur pipettes and then concentrated
by centrifugation at 250g. Fibres were then seeded onto
glass-bottomed micro-well dishes which had been coated
with 20 μg ml−1 laminin.

Fluorescent indicators

To determine if iron uptake was detectable, the
membrane-permeant form of the intracellular

iron indicator Phen green SK, diacetate was used
(14313; Invitrogen, Carlsbad, CA, USA). A 20 mM

stock solution using DMSO was made and then
stored in aliquots. The final loading concentration
was 10 μM. The ROS indicator CM-H2DCFDA
(5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein
diacetate) (C6827; Invitrogen) was used to detect
non-specific ROS production. A 5 mM stock solution was
prepared daily in DMSO. The final loading concentration
was 5 μM. HPF (3′-(p-hydroxyphenyl) fluorescein)
(H36004; Invitrogen) is selective for highly reactive
oxygen species (hROS) and was used to determine if
hydroxyl radicals were present. HPF is 6.5 times more
sensitive to OH• than to ONOO− and is 100-fold
more sensitive to OH• than to other ROS (Setsukinai
et al. 2003). The final loading concentration was 5 μM.
The impermeable ROS indicator OxyBURST Green
H2HFF BSA (O-13291 Invitrogen) was used to determine
extracellular ROS production. One millilitre of HBPS was
added per vial to make a stock solution of 1 mg ml−1. The
final concentration was 100 μg ml−1.

Dye loading for ROS indicators

Dishes of cultured, primary skeletal myocytes were
removed from the incubator and allowed to cool to room
temperature then washed in HBPS 3 times. The intra-
cellular indicators were then loaded into cells at room
temperature for 30 min. The extracellular ROS indicator
was added to the dish and was present for the duration of
the experiment.

Fluorescence imaging

Live cell imaging was performed on a Zeiss LSM
510 Meta inverted confocal microscope. Fluorescence
measurements for all the indicators were performed using
an excitation wavelength of 488 nm and an emission wave-
length >505 nm. Cells were heated to 37◦C using a sealed
heating unit (Tempcontrol 37-2 digital and Heating Insert;
Pecon, Germany) set at 45◦C.

Live cell imaging was performed using a 4-dimensional
acquisition technique (z stack over time) (Thomsen et al.
2002). After imaging, the z stack for each time point
was compressed into a single 2-dimensional image
(z projection) and the fluorescence (average intensity
of the signal from the fibre) was plotted against time.
The final value obtained for each intervention was
expressed relative to a predicted value. The predicted
value was constructed by a line of best fit (linear for the
CM-H2DCFDA and OxyBURST dyes and exponential for
the Phen green and HPF dye) generated from the 5 min
baseline period.
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Experimental solutions used in cell culture
experiments

The lipophilic additive 8-hydroxyquinoline (HQ) was
used to facilitate passive iron entry into cells. HQ was
added to solutions at 4 times the molar concentration
of iron (Fe). Ascorbic acid (AA) was added at 1 mM to
maintain iron in the ferrous form (Halliwell & Gutteridge,
1998). Initial experiments showed that when Fe + AA +
HQ was freshly made up from stock solutions, very
little ROS production was detectable (data not shown).
In contrast, when stock solutions were mixed on the
previous day, ‘day-old’ stock solutions produced a
substantial increase in ROS production. This difference
may result from iron oxidising some of the ascorbic acid
(AA) to dehydroascorbic acid (DHA) (Buettner, 1988).
The resulting solution may then contain a small amount
of DHA which enters cells at a greater rate than AA
(Lane & Lawen, 2008). This complex phenomenon was
not explored further, but is noted in Fig. 8B. All results
reported are from experiments performed using stock
solutions mixed on the previous day.

Figure 1. Fatigue at 22◦C and 37◦C
Representative fatigue runs performed at room temperature then at 37◦C using the aluminium heat exchanger (A)
or stainless steel heat exchanger (B). Muscle fibre bundles were fatigued using supra-maximal electrical stimulation
every few seconds. An increase in baseline force was observed in some bundles using the stainless steel heat
exchanger without iron chelators present and may represent one fibre going into contracture. The effect only
occurred when force was ∼50%, therefore the rapid fatigue observed in these preparations was not dependent
on this process. This effect did not occur under any other condition.

Statistics

All values are expressed as the mean ± S.E.M. Statistical
significance was tested with paired t test or one-way
ANOVA (Holm–Sidak method) as appropriate. Results
were considered significant at P < 0.05.

Results

Muscle fatigue at 37◦C

Initial findings in the current study demonstrated that
the time to fatigue at 37◦C was longer than at room
temperature, a finding which conflicts with previous
work from our laboratory (Moopanar & Allen, 2005).
Investigation revealed that the source of difference was
the type of heat exchanger used. Representative fatigue
runs using the two heat exchangers are shown in Figs 1
and 2.

A group of experiments were performed using two
fatigue runs at room temperature to determine if
the time to fatigue changes between fatigue runs,
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independent of a temperature change. This group of
experiments is referred to as ‘room repeat’ (Fig. 2). No
difference in fatigue time was observed between the first
(5.7 ± 0.5 min) and the second fatigue run performed on
the same preparation at room temperature (5.6 ± 0.4 min;
T 1/2 normalised = 104 ± 5%, n = 17)

Fatigue runs performed at 37◦C using the aluminium
heat exchanger (T 1/2 7.6 ± 1.0 min) were significantly
longer compared to the room temperature control (T 1/2

6.0 ± 0.6 min; T 1/2 normalised = 125 ± 8%; Figs 1A and
2; P < 0.05; n = 7) and the room repeat experiments
(P < 0.05).

Fatigue runs performed at 37◦C using the stainless
steel heat exchanger (4.6 ± 0.8 min) were significantly
shorter compared to the room temperature control (T 1/2

7.0 ± 1.0 min; T 1/2 normalised = 68 ± 10%; Figs 1B and
2; P < 0.05; n = 6) and the room repeat experiments
(P < 0.05). In some experiments an increase in baseline
force was observed (Fig. 1B). This effect was only observed
when force had fallen to ∼50%.

Stainless steel heat exchanger using iron chelators

Fatigue runs were performed at 37◦C using the stainless
steel heat exchanger in the presence of the non-specific
metal chelator EGTA (n = 9). EGTA (100 μM) prevented
the rapid fatigue observed at 37◦C using the stainless steel
heat exchanger. The T 1/2 in the presence of EGTA at
37◦C (7.3 ± 1.0 min) was significantly longer compared

Figure 2. Skeletal muscle fatigue times at room temperature
and 37◦C
Data are represented as normalised fatigue time (fatigue time 2 as a
percentage of fatigue time 1). Dashed line represents fatigue 1
(internal control). #Significantly different to room repeat (P < 0.05).
‡Significantly different to internal control (P < 0.05); ±Significant
trend (P = 0.08).

to the room temperature control (6.2 ± 0.8 min;
T 1/2 normalised = 119 ± 12%; Fig. 2; P < 0.05; n = 6).

Fatigue runs were also performed at 37◦C using the
stainless steel heat exchanger in the presence of the iron
specific chelator DFO (100 μM; n = 10). DFO prevented
the rapid fatigue observed at 37◦C that was observed
using the stainless steel heat exchanger. The T 1/2 in the
presence of DFO at 37◦C (5.6 ± 0.5 min) was marginally
longer compared to the internal control performed at
room longer (T 1/2 normalised = 124 ± 12%; paired t test;
P = 0.08). Combining the DFO and EGTA results, the
time to fatigue was longer at 37◦C compared to the
room temperature control (T 1/2 normalised = 121 ± 8%;
paired t test; P < 0.01)

Iron addition

After completing the iron chelation experiments, iron
was added to solutions at 37◦C to determine if
adding iron while using the aluminium heat exchanger
would accelerate fatigue. Iron was added as ferric
citrate at a concentration of 1 μM. Adding iron
significantly reduced fatigue time at 37◦C compared to
the internal control performed at room temperature
(T 1/2 normalised = 63 ± 10%; Fig. 3; P < 0.05; n = 10)
and the room repeat experiments.

Iron released from the stainless steel heat exchanger

After circulating the perfusate through the stainless
steel heat exchanger (n = 3), the iron concentration was
793 ± 48 nM (see Methods). The solution passed through
the tubing alone (n = 3) gave an iron concentration of
173 ± 7 nM, the perfusate alone (n = 8) 76 ± 20 nM. All

Figure 3. Iron release from the stainless steel heat exchanger
An experimental solution was circulated through the heat exchanger
and the tubing or the tubing only and assessed for iron content using
an absorbance based assay. #Significantly different to solution only
(P < 0.05), †(P < 0.001). �Significantly different to both groups
(P < 0.001).
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conditions were significantly different to one another
(Fig. 3; P < 0.05).

Muscle fatigue in the presence of H2O2

Iron is known to produce ROS so we added H2O2

to determine if ROS can accelerate fatigue. The effect
of H2O2 on fatigue was dose and duration dependent.
As Fig. 4 shows, fatigue at 22◦C was accelerated in the
presence of H2O2. Figure 4 also shows a negative
correlation between fatigue time and the H2O2

concentration or the concentration–duration product.
The lowest concentration (25 μM) reduced T 1/2 to
80 ± 1%, while the highest concentration reduced T 1/2

to 19 ± 1%. A paired t test revealed a small but significant
(P < 0.05) increase in F i after H2O2 treatment consistent
with previous reports (Andrade et al. 1998). These data
demonstrate that ROS can accelerate fatigue in the absence
of reduced initial force.

Iron uptake using the iron indicator Phen green

In the current study rapid fatigue was observed at 37◦C
in the presence of iron. Iron has been shown to enter
hepatocytes (Petrat et al. 1999; Rauen et al. 2000) and
human erythroleukaemia K-562 cells (Breuer et al. 1995)
through a non-transferrin bound iron uptake mechanism
(NTBI) in the ferrous form (Fe2+).

The fluorescent iron indicator Phen green was used
to measure iron uptake in muscle cells. All results are
expressed relative to their predicted fluorescence value
(see Methods). As can be seen in Fig. 5, fluorescence
quenching, which represents an increase in intracellular
iron, was observed following the addition of Fe (10 μM)
and ascorbic acid (AA) (80 ± 5%; P ≤ 0.05, n = 6).
Increasing Fe to 50 μM did not increase the effect further

Figure 4. Muscle fatigue using H2O2
H2O2 was added to the experimental solution at a
concentration of 25–100 μM, 5–10 min prior to
initiating fatigue and remained present during the
fatigue run. #Significantly different to no H2O2

exposure (P < 0.05); †(P < 0.001). ∗Significantly
different to 25 μM H2O2 (10 min) and 50 μM H2O2

(5 min) exposure (P < 0.01).

(data not shown). However, AA alone also produced a
quenching of fluorescence (87 ± 1%; P ≤ 0.05, n = 13).
The addition of EGTA prevented the drop in signal
observed with AA (100 ± 1%; P ≤ 0.05, n = 4), suggesting
that contaminating iron, interacting with AA, might
produce fluorescence quenching. 8-Hydroxyquinoline
(HQ, 40 μM; used to facilitate iron entry) was added
to Fe (10 μM) + AA solutions to facilitate iron entry
and produced a greater fluorescence quenching than all
other groups (52 ± 6%; P ≤ 0.001, n = 9), indicating an
increase in intracellular iron. No fluorescence quenching
was observed using AA + HQ (40 μM) in the absence of
iron, confirming Fe2+ entry is the cause of the above signal.
Fluorescence quenching was also absent for Fe (10 μM) +
HQ (40 μM), showing that AA is essential, presumably to
maintain iron in the Fe2+ form.

Based on these findings, the fluorescent iron indicator
Phen green is a useful tool for detecting a large increase
in the intracellular iron concentration of skeletal muscle,
but may not be sensitive enough to detect the intracellular
change caused by 1 μM extracellular iron.

Intracellular ROS production using the non-specific
indicator CM-H2DCFDA

Based on the Phen green results, HQ facilitates iron entry.
For ROS experiments, iron was added at 1 μM to simulate
the extracellular iron present during fatigue experiments.
The addition of Fe (1 μM) + AA + HQ (4 μM)
to cultured primary myocytes produced a substantial
increase in signal, indicating an increase in ROS
production (Fig. 6; P < 0.001; n = 8). In contrast, no
difference in fluorescence was found for the following
solutions: 50 μM Fe + AA (1.1 ± 0.1, n = 8), Fe (1 μM)
+ HQ (4 μM) (1.1 ± 0.1, n = 4) or AA + HQ
(4 μM) (1.5 ± 0.1, n = 10), demonstrating that all three
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Figure 5. Iron loading using the iron indicator Phen green
A, pooled data showing quenching after 5 min induced by the addition of each experimental solution. Control
represents the addition of HBPS. ∗Significantly different to control (P < 0.05). †Significantly different to all groups
(P < 0.001). Numbers indicate the concentration of iron (Fe) or 8-hydroxyquinoline (HQ) used, in μM. [AA] was
1 mM. B, representative records of fluorescence measurements over time.

compounds are necessary for ROS production. These data
demonstrate that a sufficiently large increase in intra-
cellular iron causes a large and rapid increase in intra-
cellular ROS production.

Intracellular ROS production using the OH• selective
indicator HPF

The highly reactive ROS indicator HPF, which is very
selective for OH•, was used to determine if OH• is

Figure 6. Intracellular ROS production using the general ROS indicator CM-H2DCFDA
A, pooled data demonstrating ROS production 10 min after the addition of each experimental solution.
†Significantly different to control (P < 0.001). Numbers represent concentration in μM, [AA] was 1 mM. B,
representative records displaying the rate of change of the ROS signal following the addition of different
experimental solutions.

produced in the presence of increased intracellular Fe2+.
Fe (1 μM) + AA + HQ produced a significant increase
in fluorescence (2.8 ± 0.2, n = 23) relative to AA alone
(1.0 ± 0.0, n = 3; Fig. 7; P < 0.05). Adding Fe (10 μM) +
AA, in the absence of HQ had no effect (1.2 ± 0.0, n = 4),
nor did HQ alone (1.2 ± 0.1, n = 4). However, adding
AA + HQ produced a significant increase in fluorescence
(2.6 ± 0.3, n = 11), which was not significantly different
to Fe (1 μM) + AA + HQ. If the signal increase caused by
AA + HQ was due to contaminating iron, then the
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application of iron chelators to these solutions should
prevent the increase in signal. The addition of the
iron chelators desferrioxamine (DFO) and EGTA (both
100 μM) to the solutions did not prevent the increase in
signal (2.9 ± 0.3, n = 14), suggesting that external iron did
not contribute to the signal increase. These data suggest
that intracellular OH• can be increased in the presence
of AA + HQ, even in the absence of an increase in intra-
cellular iron. A potential mechanism is presented in Fig. 8B
and is considered in the Discussion.

Extracellular ROS production using OxyBURST Green

The impermeable ROS indicator OxyBURST Green was
used to determine if exogenously applied iron could
increase ROS production on the cell surface which would
not be apparent with intracellular ROS indicators. Initial
experiments performed with Fe (1–10 μM) ± AA did not
cause an increase in signal (data not shown). Fe + AA
was added in the presence of H2O2 (10 μM) to increase
the production of OH•. The addition of H2O2 produced
a large increase in signal at the fibre edge and within
the area occupied by the fibre, assumed to be from the
t-tubules (Fe + AA + H2O2; 5.5 ± 0.9, n = 5); however,
this increase was not different to H2O2 + DFO (4.0 ± 0.9,
n = 6). These data suggest that the addition of Fe + AA
to non-contracting skeletal muscle cells does not cause
an increase in extracellular ROS or the OxyBURST Green
indicator is not able to detect it.

Discussion

The rate of muscle fatigue as a function of temperature
is variable (see introduction). The current study provides

Figure 7. Intracellular ROS production using the OH• selective indicator HPF
#Significantly different to AA (P < 0.05). [AA] was 1 mM. Numbers represent concentration in μM. Both DFO and
EGTA were 100 μM.

evidence that the time taken to reach fatigue is greater
at 37◦C compared to room temperature, provided Fe is
absent or chelated. Inorganic phosphate (Pi) and hydrogen
ions (H+) both increase during fatigue (Sahlin et al. 1976;
Cady et al. 1989; Dahlstedt et al. 2000) and both can
independently reduce force at room temperature (Fabiato
& Fabiato, 1978; Millar & Homsher, 1990). Given the
correlation between reduced force and the accumulation
of Pi and H+ during fatigue (Cady et al. 1989), both have
been proposed as causal contributors to fatigue (for review
see Fitts, 2008). Recent evidence suggests, however, that
the effects of both Pi and H+ are reduced at elevated
temperatures (Pate et al. 1995; Westerblad et al. 1997;
Debold et al. 2004). The reduced effect of Pi and H+ at
elevated temperatures may be one reason the time taken
to reach fatigue at 37◦C was greater in our study.

ROS and muscle fatigue

Another potential mediator of muscle fatigue is reactive
oxygen species (ROS). Evidence supporting a role of ROS
in muscle fatigue has come from studies adding ROS to
unfatigued muscle (Andrade et al. 1998) and from studies
utilising ROS scavengers (Reid et al. 1992; McKenna et al.
2006). Our observation that exogenous H2O2 accelerates
fatigue confirms these findings.

Fatigue in isolated muscle at elevated temperatures
has been shown to be both accelerated (Moopanar &
Allen, 2005) and slowed (Roots et al. 2009). Our results
support a slowing of fatigue at elevated temperatures, but
this contrasts with the majority of studies performed in
vivo. Human studies demonstrating a reduced time to
fatigue at elevated temperatures have been performed
using sustained contractions (Clarke et al. 1958;
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Figure 8. Iron-induced ROS production and the labile iron pool
A, proposed mechanism of iron-induced ROS production and subsequent fatigue. •OOH, protonated, uncharged,
membrane-permeable (Korshunov & Imlay, 2002) form of superoxide; SOD, superoxide dismutase; NTBI,
non-transferrin iron uptake channel; OH•, hydroxyl radical; OH−, hydroxyl ion; SH, thiol group; S–S, disulfide
bridge. B, the production of OH• via LIP modification. LIP, labile iron pool; HQ, 8-hydroxyquinoline; AA, ascorbic
acid; DHA, oxidised ascorbic acid; NACT, sodium–ascorbate co-transporter; G1,3, facilitative glucose transporters
1 and/or 3; R/O, unspecified redox couple.
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Edwards et al. 1972; Holewijn & Heus, 1992) or inter-
mittent contractions performed in the presence of a cuff
(de Ruiter et al. 1999; de Ruiter & de Haan, 2000, 2001),
both of which involve reduced blood flow. Conversely, in a
rat model with intermittent tetani and unimpaired blood
flow, no difference in time to fatigue occurred between
28◦C and 36◦C (Blomstrand et al. 1985). We propose
that the effect of reduced blood flow on fatigue may be
exaggerated at elevated temperatures. ROS production
in muscle increases with temperature (Edwards et al.
2007) and contraction (Reid et al. 1992). When fatigue
is produced under conditions of reduced blood flow,
ROS removal from the muscle will be compromised. The
subsequent build-up of extracellular and intracellular ROS
could then reduce force via effects on the membrane
or contractile proteins, respectively, consistent with our
H2O2 data. The preparation used in the current study and
by Roots et al. (2009) minimise the accumulation of endo-
genously produced ROS which may have reduced the rate
of fatigue. We therefore propose that the conflicting results
between experiments performed on isolated preparations
(current data and Roots et al. 2009) and in humans where
muscle blood flow is impaired (Clarke et al. 1958; Edwards
et al. 1972; de Ruiter et al. 1999; de Ruiter & de Haan, 2001)
may be due to differential ROS accumulation.

Iron and muscle fatigue

The current study demonstrates that iron can accelerate
fatigue at 37◦C in isolated muscles and highlights the
dangers of release of iron from stainless steel. An increase
in extracellular iron may accelerate fatigue by entering the
cells and accelerating ROS production. In support of this
idea, an increase in intracellular iron has been shown to
increase ROS in cardiac cells (Oudit et al. 2003, 2004).
The scheme we propose is described in Fig. 8A and shows
a fibre during fatigue producing O2

•− (i) and H2O2 (v).
In summary, Fe2+ enters the cell though a non-transferrin
bound mechanism iron uptake mechanism (iv), increasing
ROS production (vi, vii). The resulting ROS may then
oxidise thiol groups (viii, ix), reduce Ca2+ sensitivity
and/or F max (van der Poel & Stephenson, 2002; Moopanar
& Allen, 2006; Murphy et al. 2008) (x) and accelerate
fatigue (xi).

Iron uptake and ROS production

Skeletal muscle iron uptake was studied using the
fluorescent iron indicator Phen green, which has been
used previously in hepatocytes (Petrat et al. 1999; Rauen
et al. 2000). Our results suggest that the iron indicator
Phen green is a useful tool for detecting a large change
in the intracellular iron concentration of skeletal muscle,

but may not be sensitive enough to detect the intracellular
change caused by 1 μM extracellular iron.

The general ROS indicator demonstrated that an acute
increase in intracellular iron causes a large increase in
ROS production. An interesting feature of our results
was that in contrast to the results obtained using the
general ROS indicator, the OH• selective indicator showed
a smaller, Fe-independent increase. This suggests that
ascorbic acid added in the presence of hydroxyquinoline
(used to facilitate iron entry), can increase OH• without
interacting with extracellular iron. We propose (Fig. 8B)
that hydroxyquinoline moves into the cell and binds Fe3+,
making it accessible to redox cycling. Fe3+ is then reduced
by ascorbic acid forming Fe2+. Fe2+ then reacts with H2O2

to produce OH•.

ROS identity

As expected, increasing the intracellular concentration
of Fe2+ increased general ROS production (Fig. 6). In
contrast, the highly reactive ROS indicator, selective for
OH•, appeared insensitive to an increase in intracellular
iron, responding equally well to solutions containing
ascorbic acid and hydroxyquinoline with or without iron
(Fig. 7). One possibility is that the increase in intracellular
Fe2+ produced O2

•− (Fig. 8A; vii) (Halliwell & Gutteridge,
1998), which is detectable with the general ROS indicator,
but not the highly reactive ROS indicator. Another
possibility is that the highly reactive ROS indicator is
saturated by the OH• produced by the ascorbic acid +
hydroxyquinoline solutions. If saturation is occurring, an
increasing in intracellular Fe2+ may produce more OH•

without an increase in fluorescence.

Iron in health and disease

Iron may play a role in healthy muscle during or
following exercise. Redox-active iron increases in the
blood following eccentric exercise (Childs et al. 2001)
and may cause iron to move into cells during or
following the exercise bout. The O2

•− released within
muscle during contraction (Reid et al. 1992) can also
release iron from myoglobin, increasing redox-active iron.
Increased intracellular redox-active iron may therefore
contribute to the increase in ROS production, damage and
adaptation associated with regular exercise. Iron-induced
ROS production is also believed to occur in skeletal muscle
with ageing (Jung et al. 2008) and disuse atrophy (Hofer
et al. 2008). A redox-active labile iron pool may therefore
underlie sarcopaenia (Jung et al. 2008), a condition
characterised by reduced muscle mass and function with
age.

Our results demonstrate that iron can accelerate fatigue
and that an acute increase in iron can increase ROS;
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however, we did not measure ROS production during
fatigue. Preliminary stimulation experiments, using
primary cultured muscle cells suggest that a few contra-
ctions in the presence of iron are not enough to stimulate
ROS production (data not shown). Iron-induced ROS
production may therefore require fatiguing contractions,
perhaps by allowing iron entry through store-operated
calcium channels which are believed to activate during
fatigue (Ducret et al. 2006). Future studies may measure
iron-induced ROS production during muscle fatigue in
conjunction with store-operated calcium channel blockers
as well as other proposed NTBI blockers. If successful,
NTBI blockers could be used with a skeletal muscle iron
overload protocol similar to our previous study (Reardon
& Allen, 2009) to determine if NTBI blockers reduce
iron uptake, oxidative stress and the loss in exercise
performance associated with iron overload conditions.

People with iron overload disorders display symptoms
of weakness and fatigue (Brandhagen et al. 2002; Davidsen
et al. 2007) which may be explained by increased ROS
generated from an increase in the redox-active labile iron
pool. In support of this theory, Reardon & Allen (2009)
demonstrated that iron overloaded skeletal muscles are
under more oxidative stress and show a greater force loss
over time on a strength test compared to controls.

Conclusion

The current study demonstrates that the time to fatigue
of an isolated skeletal muscle bundle is longer at 37◦C
than at room temperarture, but shorter in the presence
of extracellular iron or following the direct application
of ROS. We show that an acute increase in intracellular
iron can cause a substantial increase in ROS production,
suggesting that iron accelerates fatigue by entering muscle
cells and increasing ROS production. Iron-induced ROS
production may be important in the weakness and fatigue
observed in iron overload conditions and may contribute
to the reduced muscle function associated with disuse
atrophy and sarcopaenia.
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